To assess whether removal of UV-induced cyclobutane pyrimidine dimers (CPDs) occurs with equal efficiency at different stages of the cell cycle in a cell cycleregulated gene, we have analyzed repair of CPDs, following a single dose of UV, in normal human fibroblasts that were synchronized in either G 0 or S phase. Based on a single nucleotide resolution analysis, we established a detailed map of DNA repair rates along the promoter region and the transcription initiation area of the human CDC2 gene. The promoter of this gene is covered by an array of sequence-specific transcription factors located between nt -280 and -9 relative to the major transcription start site. In both quiescent and S phase-synchronized fibroblasts the majority of these sequences were poorly repaired even after 24 h, probably as a result of the constitutive binding of transcription factors throughout the cell cycle. A domain of fast repair was found at sequences surrounding the transcription initiation site and continuing downstream for ∼80 nt. CPD removal from this domain was preferential in both quiescent and proliferating fibroblasts, despite lower levels of global genome repair and a lack of CDC2 transcription in quiescent cells. We suggest that sequences involved in transcription initiation may be book-marked for efficient repair throughout the cell cycle, even when the gene is temporarily not expressed.
INTRODUCTION
The eukaryotic cell cycle is an orchestrated series of events where transitions between successive phases are tightly regulated by feedback mechanisms called checkpoints (1) (2) (3) . These surveillance mechanisms, governed by the sequential activation and inactivation of cyclin/cyclin-dependent kinase (cdk) complexes, are able to recognize genomic perturbations, such as DNA damage, and, in response, they delay cell cycle progression at a specific stage. This will prevent premature entry of the cells into the next phase of the cycle prior to correct completion of the macromolecular events of the previous phase. Only when DNA lesions are removed from the DNA by the repair machinery can the cell cycle progression be resumed. Cell cycle arrest and repair of DNA damage therefore play a major role in minimizing the propagation of errors into critical cell cycle phases, ensuring the integrity of the genetic information (4) . Unrepaired DNA or inefficient removal of DNA lesions can result in genomic instability, mutations and, ultimately, cancer (5) .
Exposure to UV irradiation leads to the formation of different types of DNA photoproducts (6) (7) (8) (9) . Cyclobutane pyrimidine dimers (CPDs), formed between the 5,6 bonds of two adjacent pyrimidines (mostly at 5′-TpT and 5′-PymC sequences) are thought to be the most harmful UV-induced lesions in mammalian cells (6) (7) (8) (9) (10) . Because their removal is significantly slower than that of other UV photoproducts, CPDs persist much longer in the mammalian genome and may lead to mutagenesis (9) . Induction and repair of CPDs can vary significantly along human sequences and different repair rates are often seen even between neighboring base positions (11) (12) (13) . For instance, it has been shown that binding of transcription factors can modulate the frequency of lesions in different promoters (14) . Within a certain time window, some domains in the genome can undergo extensive repair, while in other domains such repair is slow (15, 16) . This domain-specific and position-dependent heterogeneity in the rate of DNA repair is probably the result of significant variations in the intensity of repair as well as in the chromatin structure along a gene (17) . UV damage is repaired more rapidly in transcriptionally active DNA than in the whole genome, largely due to a faster repair of damage in the transcribed strand than in the non-transcribed strand of genes (18) (19) (20) (21) . It has been suggested that the presence of an RNA polymerase stalled at the site of the lesion on the transcribed strand serves as a signal to attract repairspecific proteins (20, 22, 23) . In Escherichia coli the Mfd protein, a transcription-repair coupling factor, has been shown to displace the stalled RNA polymerase, to bind the UvrA subunit of the excision nuclease and to stimulate repair of the transcribed strand (24) . There is no evidence yet that repair occurs by a similar mechanism in eukaryotic cells. However, strand selectivity in both human and yeast cells has been shown to be dependent on active transcription by RNA *To whom correspondence should be addressed. Tel: +1 626 359 8111; Fax: +1 626 358 7703; Email: stommasi@coh.org polymerase II (25) (26) (27) (28) . Fast repair of sequences near the transcription start site of genes has been linked to increased local concentrations of DNA repair factors that are associated with general transcription factors (e.g. TFIIH) functioning in transcription initiation (15, 16, 29) .
Because of the strict connection between the transcriptional status of a gene and the speed of DNA repair, we asked whether a cell cycle-regulated gene that displays significant variability in its rate of transcription also shows substantial heterogeneity in DNA repair during the cell cycle. Some cell cycle-dependent genes encode products that are essential for cell cycle progression and one may expect that repair efficiency is at least maximized at/or before the phase when these genes reach their maximum expression level. Alternatively, repair may operate with equally high efficiency in all stages of the cell cycle. This may guarantee that these genes are maintained lesion free at all times so that they can be promptly transcribed and be functional when cell cycle progression resumes.
To investigate if efficiency of DNA repair is regulated in a cell cycle-dependent manner, we studied the repair rates of UV-induced CPDs during the G 0 and S phases in the human CDC2 gene. The CDC2 gene is regulated during the cell cycle with a maximum induction in S phase and this regulation is exerted at both a transcriptional and post-transcriptional level. The CDC2 gene encodes a protein kinase, p34 cdc2 (a member of the cdk family), and appears to be crucial for initiation of DNA replication and entry into mitosis (30) (31) (32) . p34 cdc2 kinase activity is modulated by its cyclin partners, in particular cyclin B, whose association is essential for the G 2 /M phase transition.
In the present study we measured repair rates of UV-induced CPDs along the promoter region and the transcribed sequences of the human CDC2 gene (33) . DNA repair was examined in UV-irradiated human fibroblasts at different stages of the cell cycle, in which transcription of the CDC2 gene occurs at different rates.
MATERIALS AND METHODS

Cell culture and UV irradiation
Normal human foreskin fibroblasts (HF55) were grown in 4% CO 2 at 37°C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS). Cells were brought to quiescence by serum withdrawal (between 2 and 14 days) and then re-stimulated to proliferate by the addition of fresh DMEM supplemented with 15% FCS. The medium was removed and the cells were washed in phosphate-buffered saline (PBS), followed by UV irradiation using a 254 nm germicidal lamp. UV doses were determined with a UVX radiometer (Ultraviolet Products, Upland, CA). For DNA repair experiments the original medium was returned to the cells and the cells were incubated for various periods of time to allow repair before either RNA or DNA analysis. Nonirradiated cells and cells collected immediately after irradiation served as negative controls (no damage) and positive controls (no repair), respectively.
RNA analysis
For the experiments described in Figure 1A , total RNA was isolated at different phases of the cell cycle after a starvation period of either 2 or 14 days and analyzed on northern blots as previously described (33) . For the experiments described in Figure 1B , human foreskin fibroblasts were serum starved for 4 days and then re-stimulated to proliferate by serum addition. Synchronized fibroblasts were independently irradiated with increasing UV doses (2, 5, 10 and 20 J/m 2 , respectively) at either 6 or 12 h after serum stimulation. Total RNA was isolated 20 h after serum stimulation and a 10 µg aliquot of each sample was subjected to northern analysis (33) . For repair studies (Fig. 1C) , sub-confluent HF55 human fibroblasts were rendered quiescent by incubation in serum-free DMEM for 7 days, UV irradiated at a dose of 10 J/m 2 and re-incubated in the original medium to allow repair. Fibroblasts that were synchronized at 20 h following serum stimulation were also UV irradiated and then allowed time for repair. Total cellular RNA from non-irradiated fibroblasts and from fibroblasts at various times after UV irradiation was isolated from quiescent and synchronized cells by standard procedures (RNAgents; Promega). A 10 µg aliquot of each RNA sample was separated on formaldehyde-agarose gels and transferred to a nylon membrane. Hybridization was performed as described (33) . Single-stranded probes, specific for the first exon of the CDC2 gene, were generated by linear PCR amplification using appropriate oligonucleotides. Single-stranded probes specific for the human GAPDH gene were used as a control.
DNA isolation and cleavage at CPDs
After incubation to allow DNA repair, cells were lysed and DNA was isolated from purified nuclei as described previously (15) . The UV-irradiated DNA was cleaved to completion with T4 endonuclease V for 1 h at 37°C to generate single-strand breaks at CPDs, then digested with E.coli photolyase to produce ligatable ends (15, 34) . After enzyme treatment, the DNA was purified by phenol/chloroform extraction and ethanol precipitated. DNA was dissolved in TE buffer (10 mM Tris-HCl, pH 7.6, 1 mM EDTA) at a final concentration of 1 µg/µl. Damage and repair of CPDs in the total genome was determined by separating T4 endonuclease V cleavage products on 0.8% alkaline agarose gels following published procedures (35) .
Ligation-mediated PCR (LM-PCR)
LM-PCR was performed as previously described (15, 34) . The following strand-specific oligonucleotide primer sets were used to map CPDs in the promoter and along transcribed sequences of the human CDC2 gene. For the lower (transcribed) strand: C-1 bis, 5′-ACTGGAGGAGAGCGCTTG; C-2 bis, 5′-CACTCAGTTGGCGCCCGCCCTC; C-3 bis, 5′-CTTTTTC-TCTAGCCGCCCTTTCCTC; L-1, 5′-TCTTTCTTTCGCGC-TCTAGC; L-2, 5′-GGAAGGCCTGCCCAGCGTAGCT; L-3, 5′-GCTGGGCTCTGATTGGCTGCTT. For the upper (nontranscribed) strand: H-1 bis, 5′-CCCGTTCCTCATACTCGC; H-2 bis, 5′-CGACGCCTCGGCCGTCCCCTA; H-3 bis, 5′-ACGACCCTGACCCCAGCCACT. Oligonucleotide primers -1 are the Sequenase primers used in the first primer extension step of LM-PCR, primers -2 are the PCR primers and primers -3 were used to make single-stranded hybridization probes. The T m values were calculated with a computer program (36) .
Nylon membranes were exposed to a PhosphorImager (Molecular Dynamics; Sunnyvale, CA) and radioactivity was determined in all CPD-specific bands of the sequencing gel that could be resolved from neighboring bands and showed a clear and consistent signal above background. Background values (no UV lanes) were subtracted. Potential loading differences were minimized using equal amounts of DNA as starting material for each time point. When minor loading differences occurred, they were corrected by normalization to reference bands in the upstream promoter region that showed no repair over a time course of 24 h. For example, if the intensity of such a reference band at 4 h was 20% greater than that at 2 and 8 h, then the intensities of all bands in the 4 h lane were divided by a factor of 1.2. Repair at all positions was measured at least twice giving similar results. A repair curve was established for each CPD position that gave a sufficient signal above background. The time at which 50% of the initial damage was removed was then determined from each of these curves. These values were incorporated into Figure 5 .
RESULTS
Cell synchrony
Prior to UV irradiation, normal human foreskin fibroblasts were synchronized at either G 0 or S phase by standard serum deprivation. We used starvation periods longer than 2 days (up to 1-2 weeks), since they are effective in increasing the level of cell synchrony after serum stimulation without altering normal cell cycle progression. As confirmed by flow cytometry and propidium iodide staining (33, 37) , >95% of the cells were in G 0 after serum starvation. Cells started to move into S phase between 15 and 20 h and ∼80% reached late S and G 2 phase after 25-30 h (37). A good degree of cell synchrony is generally required in studies of cell cycle-related processes. In the experiments described below the analysis of CPD repair through the cell cycle can dramatically improve if uniform populations of cells are used.
Cell cycle and DNA damage dependence of CDC2 expression
Expression of the human CDC2 gene is strictly regulated during the cell cycle and its induction is serum dependent in normal human cells (30, 38, 39) . We determined expression of the human CDC2 gene after serum stimulation in synchronized foreskin fibroblasts by northern blot analysis. CDC2 mRNA was almost undetectable in serum-starved fibroblasts after a starvation period of either 2 or 14 days (Fig. 1A) . mRNA levels increased sharply just before the cells entered S phase (between 15 and 20 h after serum stimulation) and reached maximum levels after 24-30 h, when the majority of the cells were in S/G 2 . The two bands in the northern blots are documented in the literature and represent two CDC2 transcripts, 2.0 and 1.4 kb long, respectively (30) . It is unknown if these two transcripts are the result of alternative splicing or other mechanisms. Low expression of the gene was observed in an asynchronous population of fibroblasts, where the majority of the cells are expected to be in G 1 (Fig. 1A, last lane) .
To elucidate the effects of UV irradiation on expression of the human CDC2 gene, we UV-irradiated human diploid fibroblasts that were serum starved and then stimulated to re-enter the cell cycle by serum addition. Four different UV doses (2, 5, 10 and 20 J/m 2 ) and two irradiation times (6 and 12 h after serum stimulation) were selected for our experiments. The 6 and 12 h irradiation time points were chosen based on the assumption that in human fibroblasts the restriction point R might fall in this time window (40, 41) . A transition from mitogen dependence to mitogen independence occurs in mid to late G 1 phase of the cell cycle and is called the restriction point. If UV irradiation leads to a suppression of CDC2 transcription initiation and/or elongation (either directly or indirectly), then irradiation before S phase (i.e. before and/or after the R point) should lead to diminished levels of CDC2 mRNA in S phase, when the gene is expressed.
Following UV irradiation synchronized fibroblasts were harvested at 20 h post-serum addition and total RNA from each sample was analyzed by northern blotting. Compared to an unirradiated control (Fig. 1B, lane 2) , increasing doses of UV light increasingly impair expression of the human CDC2 gene in S phase if cells have been irradiated before the R point (6 h). This suggests that UV irradiation before the R point suppresses initiation of CDC2 transcription, presumably by creating a cell cycle block. However, when fibroblasts were irradiated in late G 1 (12 h), the effect on CDC2 induction is much less drastic. Cells accumulate high levels of CDC2 mRNA even after a UV dose of 10 J/m 2 . Higher UV doses of 20 J/m 2 abolish CDC2 transcription and this effect is independent of the time of irradiation (Fig. 1B, last two lanes) . We conclude that UV irradiation at 10 J/m 2 after the R point does not prevent transcription initiation of CDC2. Nuclear run-on assays of cells irradiated with this dose in S phase support this supposition (data not shown).
To study repair of CDC2 throughout the cell cycle, we then irradiated serum-starved and S phase-synchronized fibroblasts (at 20 h after release from G 0 ) with a single UV dose of 10 J/m 2 . As described above (Fig. 1) , a UV dose of 10 J/m 2 given at a time when the cells have passed the R point does not appear to interfere significantly with transcription of CDC2 and is therefore suitable for our studies.
After incubation for various periods of time to allow damage removal, total RNA from each sample was isolated and analyzed on northern blots as shown in Figure 1C . Figure 1C shows the transcriptional status of the human CDC2 gene before and after repair of UV-induced DNA damage in G 0 and S phase-synchronized fibroblasts. This is important to interpret the DNA repair data. In S phase irradiated cells that underwent repair in a time window of 24 h, the levels of CDC2 mRNA are comparable to those in unirradiated fibroblasts. Signal intensity remained constant at subsequent repair times. Only at 8 and 24 h incubation after UV irradiation, when the cells had presumably removed some of the damage, was an increase in CDC2 mRNA seen (Fig. 1C) . At 24 h normal fibroblasts should be cycling into S phase of the next cell cycle. However, UV irradiation inhibits DNA replication and causes a delay in S phase progression (42) (43) (44) (45) (46) . mRNA levels were very low in serum-starved fibroblasts at the time of irradiation (0 h) and at the following repair times (Fig. 1C, lanes 3-7) , as expected for a gene that is transcriptionally silent in G 0 and is not induced by UV irradiation.
Repair of CPDs within the CDC2 upstream promoter region and along the transcription start sites in the G 0 and S phases
Before measuring repair in a specific domain of the genome at different stages of the cell cycle, it is important to determine the average repair efficiency in the genome as a whole. Figure 2 shows the overall repair of genomic DNA from G 0 and S phase fibroblasts that were UV irradiated and allowed to repair for different periods of time. Repair of CPDs in the total genome of S phase-synchronized cells was >80% complete after 24 h, as analyzed by size separating the T4 endonuclease V-cleaved DNA fragments on an alkaline agarose gel. Quiescent fibroblasts showed a much slower overall repair compared to proliferating fibroblasts (Fig. 2) .
We then used LM-PCR to determine the repair rates of UVinduced CPDs at single nucleotide resolution along the promoter and the transcribed sequences of the human CDC2 gene. Human foreskin fibroblasts in either the quiescent (serum free) or proliferative state (20 h after serum stimulation) were UV irradiated at a dose of 10 J/m 2 and then incubated for various periods of time to allow repair. DNA was isolated and cleaved with T4 endonuclease V to create single-strand breaks at CPDs and then digested with E.coli photolyase to generate ligatable ends. The resulting break positions were amplified by LM-PCR and displayed on sequencing gels as previously described (47) . Figure 3 shows repair of UV-induced CPDs along the promoter region and near the transcription start sites of the human CDC2 gene in both quiescent and S phase-synchronized fibroblasts ( Fig. 3A and B, respectively) . The initial distribution of CPDs at two adjacent pyrimidines can be observed in the 0 h lanes. Repair of CPDs at a particular site is indicated by a progressive decrease in the intensity of the band on the sequencing gels, compared with that of the corresponding band at 0 h. The gels in Figure 3A and B show the lower (transcribed) strand of the human CDC2 gene. We have previously characterized this region by detailed genomic footprinting analysis (33) and shown that the CDC2 promoter is protected by an array of sequence-specific transcription factors, essential for both its basal and cell cycle-dependent regulation. These include two inverted CCAAT boxes, two Sp1 sites, one ets-2 site and an E2F-like element at position -20. As shown in Figure 3 , pyrimidine dimers are removed very inefficiently at almost all sequence positions upstream of the major transcription start site, with many sites remaining unrepaired even after 24 h repair time. This slow repair coincides with the binding of transcription factors along the upstream promoter. There are certain bands with weak signals that show no consistent decrease over the time course. For example, a band reappears at later times in quiescent fibroblasts at position -21 (Fig. 3A) . This corresponds to the underlined C in the sequence 5′-CCGCGCTAAA. Since no CPDs can form at a single C, the signal is method-associated background noise and should be ignored. Repair is generally slow along the promoter region in both serum-starved and S phase-synchronized fibroblasts (Fig. 3A and B) , probably as a result of constitutive binding of transcription factors throughout the cell cycle. In the proximity of the -20 repressor element repair becomes more efficient on the transcribed strand in S phase compared to quiescent cells. This increase in repair coincides with the release of a repressor complex in S phase, as shown by in vivo footprinting data (33) .
The speed of CPD removal increases dramatically in the proximity of the major transcription start site and remains high for ∼80 bases downstream (Fig. 3A and B) . In this domain (+1 to +80) most of the sequences are ∼90% repaired within 4 h in S phase cells, while repair is ∼2-fold slower in serum-starved fibroblasts.
We have also analyzed repair rates along the non-transcribed strand from nt +47 to +1 and along the same strand over the transcription start sites (arrows in Fig. 4A and B) into the upstream promoter region. The repair pattern of the nontranscribed strand is very similar to that of the transcribed strand and repair of the transcribed strand is not much faster in the region analyzed, except for the area immediately upstream of +1 in S phase. Only low signals were obtained from the few dipyrimidines that occur on the non-transcribed strand downstream of +30. All repair data are shown in Figure 5 . Repair was quantitated for CPD-specific bands that showed a clear and consistent signal above background. There is a gradient for removal of DNA damage, where repair rate is faster in the proximity of the two major transcription start sites and sharply decreases towards the upstream promoter region. The only exception is represented by an E2F-like element located at nt -138. More than 50% of the lesions are repaired at a time of 5-8 h in S phase and quiescent fibroblasts. Increased repair rates are observed near the transcription start site up to nt +30 in both proliferating and quiescent fibroblasts ( Figs 4A and B and 5) . Repair of the transcribed strand downstream of the start sites is about twice as fast in S phase compared to G 0 .
DISCUSSION
Slow repair of the promoter region of the cell cycle-regulated CDC2 gene
We have previously characterized the promoter region of the human CDC2 gene by genomic footprinting. We found that the 5′-end sequences, spanning nt -280 to -9, are protected by at least 11 transcription factors, suggesting complex regulation of this gene. With the exception of the -20 element, and a less characterized -60 element, all the other factors bind constitutively throughout the cell cycle (33; see Fig. 5 for an overview of the binding sites).
We analyzed repair rates of UV-induced CPDs along both strands of the human CDC2 gene with the aid of the LM-PCR technique. In contrast to other techniques commonly used to study repair, this methodology provides a good level of sensitivity to study DNA lesions at single nucleotide resolution, even when they occur at very low frequency. Since UV irradiation is known to delay S phase (42) (43) (44) (45) (46) , the disappearance of bands after a few hours cannot be explained by dilution of the signal following multiple rounds of replication. The evidence for a repair-associated signal decrease is also seen in quiescent fibroblasts, where DNA replication is absent (15, 16) , and in the persistence of several unrepaired sites in the promoter (Figs 3 and 4) .
As shown in the repair maps ( Fig. 5A and B) , CPDs are removed inefficiently from the promoter region of the human CDC2 gene along sites that bind sequence-specific transcriptional regulatory proteins and also along most sequences between closely adjacent factors. This promoter-associated slow repair has previously been described for other human genes, such as the housekeeping gene PGK1 and the UV-induced JUN gene (12, 15) , and, thus, it may be a more general phenomenon. Most likely, a bulky complex resulting from the binding of sequence-specific transcription factors and other associated proteins makes the CPD lesions almost completely inaccessible to the DNA repair machinery. In addition, binding of sequence-specific transcription factors may strongly increase UV damage formation at some binding sites (14, 47, 48) . The biological consequences of these phenomena are obvious. Inefficient repair of high frequency lesions, such as CPDs, within the promoter could impair important regulatory functions and, ultimately, may cause mutations if such damage is propagated through replication. We previously reported that the presence of CPDs strongly inhibits the binding of transcription factors to their binding sites in vitro (49) . However, the slow repair across transcription factor binding sites suggests that the transcription factors do not become detached from the CDC2 promoter in vivo after lesion formation within a DNA-bound complex. Alternatively, detachment of one of the 11 factors still does not significantly increase repair protein accessibility to the damaged site.
A few appreciable differences in repair can be observed along the upstream sequences between the transcribed and non-transcribed strands and at different stages of the cell cycle. At position -52 on the upper strand repair becomes more efficient in S phase fibroblasts compared to G 0 phase cells. We noticed that a dipyrimidine 5′-CT is near the -60 site, an element suspected of playing a role in cell cycle regulation of the gene. Indeed, in vivo genomic footprinting has shown that this site becomes hyperreactive to DMS modification at the beginning of S phase, coincident with the induction of CDC2 expression (33) . This change in footprint patterns may be indicative of a switch in protein complex binding at the G 1 /S boundary and may therefore explain the faster repair observed after such a switch in S phase cells. At the E2F element, located at position -138 relative to the major transcription start site, UV-induced CPDs on the nontranscribed strand are repaired faster than the rest of the promoter, although no distinction in repair rate was seen between G 0 and S. This site, albeit a perfect E2F consensus binding site, remains unprotected in vivo at all stages of the cell cycle (33) and, therefore, it is hard to imagine its involvement in CDC2 cell cycle regulation as previously proposed (30) . Faster removal of lesions at this sequence confirms that this E2F element is not associated with a stable transcription factor complex in both quiescent and S phase fibroblasts.
Fast repair of sequences surrounding the transcription start site(s)
The -20 element specifically interacts with a subset of E2F4/p130 complexes in G 0 and early G 1 phase and appears to be largely protein free in S phase (33) . This site is more quickly repaired on the transcribed strand in S phase fibroblasts (2-3 h after UV irradiation), compared to quiescent fibroblasts. A general enhancement of the repair rate is also evident in the area surrounding the transcription start sites. This faster repair near the transcription start sites could reflect a concentration of DNA repair factors at this domain, which is different from transcription-coupled repair that acts at the level of mRNA elongation (15, 16, 50) .
The repair patterns of the transcribed strand exhibited by cells in G 0 , when the gene is transcriptionally silent, is similar to that of cells in S phase that are actively transcribing CDC2, but repair is approximately twice as fast in S phase. Thus, in contrast to the upstream promoter area, the transcription initiation domain undergoes efficient DNA damage removal, regardless of the transcription level of the gene. It is generally accepted that faster repair correlates with transcription of a gene (18) (19) (20) 51) . Nevertheless, non-transcribed DNA may contain genes (such as cell cycle-dependent genes) that are activated under particular circumstances (poised) and therefore need to be repaired efficiently.
Despite several reports on the relationship between DNA repair and cell cycle phase in mammalian cells (44, (52) (53) (54) (55) (56) , the cell cycle-dependent nature of repair is still not well understood. In BB88 mouse leukemia cells non-transcribed genes were repaired faster in late S and G 2 phase than in early S phase (33) and are indicated by boxes. Two horizontal arrows show the major transcription start sites. Repair rates, measured as the time at which 50% of the CPD signal was removed, were calculated for each CPD position that showed a consistent signal above background and are represented by vertical columns of different length. and the efficiency of repair became identical to that observed in transcribed genes (44) . However, studies on CPD repair in the DHFR gene during the mitotic cycle of mammalian cells indicated no differences between the G 1 , S and G 2 phases of the cell cycle (55, 56) . Repair endonuclease incision of UV lesions did not differ much in the G 1 , S and G 2 phases of synchronized fibroblasts (53) . Furthermore, the expression of NER proteins has not been reported to be cell cycle dependent. In this study we noticed that the overall repair of CPDs is low in cells that are driven to quiescence by serum withdrawal compared to S phase-synchronized fibroblasts (see Fig. 2 ). This is consistent with observations made by others (53; G.P.Holmquist, personal communication). However, some genes that are temporally not expressed but are essential for subsequent phases of the cell cycle, such as CDC2, may undergo quick repair at defined domains required for their activation, despite the low levels of global genome repair in quiescent cells. Book-marking for faster repair at the transcription start site(s) for these genes may be important for cell survival.
One might speculate on the mechanism(s) that allow(s) the persistence of fast repair in down-regulated genes before they are activated at the onset of S phase. Several mechanisms can be proposed. First, it is possible that transcription of CDC2 occurs at low levels in G 0 cells and that this is sufficient for fast repair near the transcription start site. A faint signal is seen on northern blots of quiescent cells (Fig. 1) . However, we believe that this signal comes from cells that have escaped synchronization by serum withdrawal. These represent <5% of the cell population (37) and should not contribute significantly to the overall repair signal. The most plausible mechanism is that accumulation of the nucleotide excision repair machinery at the transcription initiation domain is not a function of the cell cycle and acts independently of the transcriptional status of the gene. This model may suggest that repair proteins and possibly transcription initiation factors such as TFIIH are continuously engaged at the initiation site, even when the gene is in a temporally repressed state.
